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Preface 


This  report  is  die  fourth  and  final  report  of  a  series  that  describes  the 
research  conducted  as  part  of  a  Computer-Aided  Structural  Engineering 
(CASE)  Project  effort  entitled  “Computer-Aided,  Field- Verified  Structural 
Evaluation."  The  primary  goal  of  this  project  is  to  develop  a  simple  system 
that  can  be  used  to  evaluate  the  structural  integrity  of  miter  gates  through  a 
combination  of  experimental  and  analytical  techniques.  A  major  task  of  this 
project  is  to  perform  field  testing  and  mathematical  analysis  for  miter  lock 
gates.  The  objectives  of  this  task  are  to  obtain  measured  data  that  describe  the 
behavior  of  miter  lock  gates  in  service,  develop  and  subsequently  verify  ana¬ 
lytical  modeling  procedures,  and  evaluate  die  held  testing  system.  Each  report 
of  die  Computer-Aided,  Field-Verified  Structural  Evaluation  project  discusses 
these  objectives  in  detail. 

During  this  study,  three  field  tests  of  miter  lock  gates  were  conducted  to 
obtain  experimental  data.  Miter  gates  at  the  John  Hollis  Bankhead  Lock  and 
Dam,  Black  Warrior  River,  the  Emsworth  Lock  and  Dam,  Ohio  River,  and  the 
Red  River  Lock  and  Dam  No.  1  were  tested  under  normal  operating  condi¬ 
tions.  This  report  describes  the  field  testing  and  analytical  work  conducted  for 
a  horizontally  framed  miter  gate  at  Red  River  Lode  and  Dam  No.  1.  In 
Report  1,  general  modeling  procedures  for  analyzing  horizontally  and  vertically 
framed  miter  lock  gates  were  described.  The  development  and  verification  of 
the  proposed  models  were  based  on  limited  experimental  data  from  two  case 
studies.  Report  2  described  experimental  and  analytical  studies  conducted  for 
a  horizontally  framed  miter  gate  at  John  Hollis  Bankhead  Lock  and  Dam. 

Four  modeling  approaches,  each  involving  various  geometric  simulations,  were 
described  in  Reports  1  and  2.  These  included  three  finite  element  grid  models 
of  various  geometry  and  complexity,  and  a  three-dimensional  finite  element 
model.  Based  on  overall  accuracy  and  simplicity  of  model  development,  a 
grid  model  that  simulates  out-of-plane  geometry  with  eccentric  frame  elements 
is  recommended  for  modeling  of  both  horizontally  and  vertically  framed  miter 
gates.  Report  3  described  experimental  and  analytical  work  performed  for  a 
vertically  framed  miter  gate  at  the  Emsworth  Lock  and  Dam.  Although  the 
primary  goal  of  this  work  was  to  further  verify  the  proposed  analytical  model¬ 
ing  procedures,  tills  case  provided  an  excellent  example  of  structural  evalua¬ 
tion.  Based  on  an  onsite  review  of  experimental  measurements,  it  was 
determined  that  one  of  the  diagonal  members  was  slack.  After  the  testing,  the 
structure  was  analyzed  with  the  simple  grid  model  (hybrid  grid  model)  and  the 


vli 


structural  effect  of  the  loose  diagonal  was  assessed  by  examining  experimental 
and  analytical  data. 

The  CASE  Project  is  managed  by  the  Scientific  and  Engineering  Applica¬ 
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Mr.  Cameron  P.  Chasten,  ITL,  was  Project  Manager  under  the  general  super¬ 
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Conversion  Factors,  Non-SI 
to  SI  Units  of  Measurement 


Non-SI  units  of  measurement  used  in  this  report  can  be  converted  to  SI  units 
as  follows: 
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1  Introduction 


The  primary  goal  of  the  Computer-Aided,  Field-Verified  Structural  Evalua¬ 
tion  Project  is  to  develop  a  simple  system  that  can  be  used  to  evaluate  the 
structural  integrity  of  miter  gates  through  a  combination  of  experimental  and 
analytical  techniques.  A  major  task  of  this  project  is  to  perform  field  testing 
and  mathematical  analysis  for  miter  lock  gates.  The  objectives  of  this  task  are 
to  obtain  measured  data  that  describe  the  behavior  of  miter  lock  gates  in  ser¬ 
vice,  develop  and  subsequently  verify  analytical  modeling  procedures,  and 
evaluate  the  field  testing  system.  During  this  study,  three  cases  of  miter  lock 
gates  were  considered.  Miter  gates  at  the  John  Hollis  Bankhead  Lock  and 
Dam,  Black  Warrior  Riven  the  Emsworth  Lock  and  Dam,  Ohio  River,  and  the 
Red  River  Lock  and  Dam  No.  1  were  tested  under  normal  operating  conditions 
and  subsequently  analyzed. 

Prior  to  any  field  studies,  general  modeling  procedures  for  analyzing  hori¬ 
zontally  and  vertically  framed  miter  lock  gates  were  developed  based  on  lim¬ 
ited  experimental  data  from  two  previous  studies  (Commander  et  al.  1992a). 
These  procedures  were  verified  and  further  developed  using  experimental  data 
that  were  obtained  through  the  first  case,  a  field  test  of  a  horizontally  framed 
miter  gate  at  John  Hollis  Bankhead  Lock  and  Dam  (Commander  et  al.  1992b). 
Four  modeling  approaches,  each  involving  various  geometric  simulations, 
included  three  finite  element  grid  models  of  various  geometry  and  complexity, 
and  a  three-dimensional  finite  element  model  were  proposed.  Based  on  overall 
accuracy  and  simplicity  of  model  development,  a  simple  grid  model  that  simu¬ 
lates  out-of-plane  geometry  with  eccentric  frame  elements  was  recommended 
for  modeling  of  both  horizontally  and  vertically  framed  miter  gates.  This 
model  incorporates  a  unique  beam  element  that  includes  eccentricity  of  the 
member  neutral  axis  with  respect  to  the  end  nodes  of  the  element 

Experimental  and  analytical  work  performed  for  die  second  case,  a  verti¬ 
cally  framed  miter  gate  at  Emsworth  Lock  and  Dam,  is  reported  in  Com¬ 
mander  et  aL  (1992c).  This  case  provided  an  excellent  example  of  structural 
evaluation.  Based  on  an  onsite  review  of  experimental  measurements,  it  was 
determined  that  one  of  the  diagonal  members  was  slack.  After  the  testing,  the 
structure  was  analyzed  with  the  recommended  simple  grid  model,  and  the 
structural  effect  of  the  loose  diagonal  was  assessed  by  examining  experimental 
and  analytical  data. 
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This  report  describes  analytical  and  experimental  studies  conducted  for  a 
horizontally  framed  miter  gate  at  Red  River  Lock  and  Dam  No.  1  located  in 
Catahoula  Parish,  Louisiana.  The  main  lock  chamber  is  84  ft  wide  and  685  ft 
long,1  with  horizontally  framed  miter  gates  located  at  both  ends.  The  lock 
was  opened  in  1984,  so  the  gates  arc  relatively  new  and  have  not  experienced 
any  significant  damage.  A  structurally  sound  gate  is  desirable  for  testing  since 
the  primary  goal  of  the  testing  is  to  evaluate  the  modeling  and  analysis  proce¬ 
dures.  A  more  reliable  evaluation  of  the  procedures  is  possible  when  a  mini¬ 
mum  of  unknown  quantities  (effects  of  damage  or  deterioration)  is  present 
Strain  measurements  were  recorded  at  32  locations  on  the  miter  gate  under 
normal  operating  conditions  as  described  in  Chapter  2.  An  analytical  model 
using  the  recommended  simple  grid  approach  was  developed,  a  linear  elastic 
analysis  performed,  and  the  results  compared  with  those  obtained  in  the  field. 
Chapter  3  describes  the  modeling  procedures  and  analysis,  and  a  detailed 
examination  of  the  correlation  between  the  field  and  analytical  data  is  pre¬ 
sented.  Chapter  4  provides  general  conclusions  of  *his  Red  River  Lock  and 
Dam  No.  1  case.  Appendixes  A  through  C  present  strain  history  graphs  of  the 
experimental  data. 


1  A  table  of  factor*  for  converting  non -SI  units  of  measurement  to  SI  unit?  is  presented  on 
pafe  ix. 
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Chapter  1  Introduction 


2  Field  Test 


Instrumentation  and  field  testing  of  the  landside  leaf  of  the  downstream 
horizontally  framed  miter  gate  at  Red  River  1-ock  and  Dam  No.  1  were  per¬ 
formed  on  August  17, 1992.  Due  to  the  geometric  symmetry  of  a  miter  gate 
structure,  only  one  gate  leaf  was  tested.  This  assumed  symmetry  has  been 
verified  by  previous  field  tests  (Chasten  and  Ruf  1992),  and  the  sound  condi¬ 
tion  of  the  gates  did  not  cause  reason  to  suspect  otherwise. 


Structural  Description 

Each  leaf  of  the  downstream  gate  is  approximately  65  ft  in  height  and 
spans  48  ft,  8  in.  between  the  miter  and  quoin  contact  points.  Each  leaf  con¬ 
tains  one  pair  of  diagonal  members  located  on  the  downstream  face,  fourteen 
horizontal  girders,  and  four  vertical  diaphragms.  Vertical  intercostals  spanning 
between  the  girders  stiffen  the  skin  plate.  The  gate  is  designed  for  a  lift  (pool 
differential)  of  approximately  36  ft  Figure  1  shows  the  downstream  elevation 
of  the  landside  leaf,  and  Figure  2  shows  a  plan  view  describing  the  geometry 
of  the  girders. 


Test  Procedures 

Similar  to  previous  tests  (Commander  et  al.  1992b,  1992c),  the  landside  leaf 
was  monitored  under  two  loading  conditions: 

a.  Hydrostatic  head  differential  load.  With  the  gate  in  the  mitered  posi¬ 
tion,  head  differential  loads  were  applied  by  raising  die  lode  chamber  water 
elevation  from  the  lower  pool  elevation  to  the  upper  pool  elevation. 

b.  Gate  operating  load.  With  the  lock  chamber  water  elevation  at  die 
lower  pool  elevation  (zero  head  differential),  the  landside  leaf  was  swung  open 
and  closed.  Loads  applied  to  the  leaf  were  die  force  of  die  operating  strut  and 
the  inertial  resistance  of  water  on  the  submerged  portion  of  the  leaf. 
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2  Spaces  8  3'-10' 


A=4'-3  3/8' 

8=5  Spaces  «  B'-E  1/2* 
C=2  Spaces  C  E'-E  1/4' 
B=e'-g  1/4' 


Figure  1 .  Downstream  elevation:  lands ide  leaf  of  the  lower  gate  of  Red 
River  Lock  No.  1 

Two  tests  were  conducted  for  each  loading  condition. 

Instrumentation  consisted  of  steel  strain  transducers,  a  position  indicator, 
and  a  32-channel  data  acquisition  system  (DAS).  (A  more  complete  descrip¬ 
tion  of  die  testing  system  is  in  Commander  et  aL  (1992b,  1992c).)  Prior  to 
testing,  32  strain  transducers  were  mounted  (bolted  or  clamped)  at  various 
locations  on  girders,  diaphragms,  and  diagonal  members.  Since  longitudinal 
stresses  were  of  primary  interest,  die  transducers  were  oriented  in  the  longitu¬ 
dinal  direction  of  die  structural  components.  For  girder  and  diaphragm  mem¬ 
bers,  transducers  were  placed  on  both  the  upstream  and  downstream  flanges  at 
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common  cross  sections  in  order  to  obtain  data  for  both  axial  and  flexural 
behavior.  Figure  3  shows  the  location  of  the  transducers  and  identifies  girder 
and  diaphragm  numbering.  Each  circled  location  includes  two  transducers 
numbered  by  corresponding  DAS  channel  number.  At  each  girder  or  dia¬ 
phragm  location,  the  upper  number  refers  to  a  transducer  located  on  the 
upstream  flange,  and  the  lower  number  refers  to  a  transducer  located  on  the 
downstream  flange.  The  transducers  for  the  girders  were  located  on  the 
flanges  as  shown  by  Figure  4. 

The  location  of  transducers  was  identical  for  both  load  conditions  with  the 
exception  that  the  transducers  for  DAS  channels  3  and  4  were  located  on 
girder  G2  for  the  head  differential  tests,  and  on  die  operating  strut  for  die  gate 
operation  tests.  For  each  test,  strains  were  digitally  recorded  at  a  rate  of  32  Hz 
from  each  of  the  32  transducers.  Instrumentation  and  testing  of  the  structure 
required  approximately  8  hr  with  a  three-man  crew. 
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Head  differential  tests 

The  two  head  differential  tests  consisted  of  monitoring  strain  (measured  by 
the  32  transducers)  as  the  water  level  in  the  lock  chamber  was  raised  from 
lower  pool  elevation  to  upper  pool  elevation.  The  maximum  pool  differential 
(lift)  at  Red  River  Lock  and  Dam  No.  1  is  approximately  36  ft;  however,  on 
August  17,  1992,  the  lift  was  13.4  ft  with  the  lower  pool  elevation  at  26.6  ft 
and  the  upper  pool  elevation  at  40  ft.  For  both  tests,  the  datum  for  strain 
measurement  was  established  by  setting  all  of  the  strain  readings  to  zero  (bal¬ 
ancing)  while  the  gate  was  mitered  and  the  chamber  pool  level  was  at  the 
lower  pool  elevation  (zero  head  differential).  Strains  were  monitored  and 
recorded  continuously  as  the  lock  chamber  was  filled.  The  chamber  pool 
elevation  was  monitored  using  the  lock  wall  elevation  markers,  and  the  posi¬ 
tion  indicator  was  activated  (a  signal  was  recorded  by  the  DAS  along  with  the 
strain  data)  at  1-ft  intervals  of  increasing  chamber  pool  level.  This  allowed  for 
the  strain  data  to  be  identified  as  a  function  of  head  differential.  Data  from 
the  second  head  differential  test  are  shown  in  Appendix  A  (results  of  the  first 
test  were  very  similar).  These  data  were  used  for  comparison  with  analytical 
data. 
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Gate  operation  tests  (opening  -  closing) 

After  the  head  differential  tests,  strain  transducers  numbered  3  and  4  were 
moved  from  girder  G2  to  the  operating  stmt  Two  gate  operation  tests  were 
conducted:  (1)  moving  the  leaf  from  miter  position  to  recess  position 
(opening),  and  (2)  moving  the  leaf  from  recess  position  to  miter  position  (clos¬ 
ing).  For  each  gate  operation  test,  the  riverside  leaf  was  held  stationary  in  the 
miter  position.  Strains  were  monitored  continuously  as  the  landside  leaf  was 
swung  open  or  closed  under  zero  head  differential  For  the  gate  opening  test, 
the  datum  for  strain  readings  was  established  by  balancing  the  transducers 
while  the  gate  was  in  the  miter  position  with  zero  head  differential  on  the  leaf. 
Recording  of  data  began  just  prior  to  gate  operation  and  continued  until  die 
gate  leaf  was  in  the  open  (recess)  position.  The  gate  closing  test  was  per¬ 
formed  in  the  same  manner,  except  that  it  started  with  the  gate  leaf  in  the 
recess  position  and  raided  in  the  closed  (mitered)  position.  The  leaf  position 
was  monitored  as  a  function  of  its  angle  with  respect  to  the  lock  wall.  The 
gate  angle  was  recorded  by  activating  the  position  indicator  at  10-deg  incre¬ 
ments.  Data  for  the  gate  opening  and  closing  tests  are  included  in  Appen¬ 
dixes  B  and  C,  respectively.  Also  included  in  Appendixes  B  and  C  are 
comparisons  of  measured  response  to  scale  model  studies  of  operating  forces 
on  miter  gates  (U.S.  Army  Engineer  Waterways  Experiment  Station  1964). 


Field  Test  Conclusions 


Appendix  A  shows  plots  of  measured  strain  as  a  function  of  head  differen¬ 
tial  for  all  transducer  locations.  The  low  head  differential  condition  and  loca¬ 
tion  of  many  of  the  transducers  resulted  in  very  low  magnitude  strains.  (The 
maximum  head  differential  was  13.4  ft  compared  with  the  3 6- ft  design  level, 
and  ten  transducers  were  located  on  girders  Gl,  G2,  and  G3,  which  were 
above  the  upper  pool  elevation  as  shown  by  Figure  3.)  The  maximum  mea¬ 
sured  strain  on  the  structure  was  approximately  120  micro-strains  (pe) 

(3.6  ksi),  and  for  many  of  the  locations,  die  maximum  strain  was  between 
20  and  40  pe  (0.6  to  0.8  ksi).  With  such  low  levels  of  recorded  strain,  only  a 
small  fraction  of  the  structure’s  capacity  was  monitored.  Additionally,  even  a 
small  error  in  measurement  (due  to  electrical  noise  for  example)  can  have  a 
large  effect  on  the  measured  strain.  Future  head  differential  tests  should  be 
conducted  at  a  time  when  the  environmental  conditions  will  yield  dose  to  the 
maximum  design  head  differential.  This  will  enable  the  structure  to  be  evalu¬ 
ated  at  conditions  close  to  its  capacity. 

Transducers  were  placed  near  the  zero  moment  region  (inflection  point)  on 
the  gilders,  hi  the  future,  strain  transducers  should  not  be  located  in  this 
region  since  the  moment  induced  by  the  eccentricity  of  the  axial  load  is  equal 
and  opposite  to  the  flexural  load  induced  by  die  uniform  water  pressure  load 
on  the  skin  plate.  Any  small  error  in  the  transducer  location  on  the  member 
could  result  in  calculated  strains  that  would  indicate  curvature  opposite  in  sign 
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from  the  actual  curvature.  Even  though  the  flexural  curvature  near  the  inflec¬ 
tion  point  is  very  small,  a  small  difference  in  transducer  placement  can  cause  a 
complete  sign  reversal  in  the  compared  flexural  response.  Difference  in  strain 
of  opposite  sign  will  not  have  a  large  effect  on  the  absolute  or  percentage  error 
calculations;  however,  the  correlation  factor  can  be  significantly  altered  since  it 
is  based  strictly  on  the  shape  of  the  strain  response  as  a  function  of  head  dif¬ 
ferential  (see  Chapter  3,  pg  12,  for  a  description  of  error  calculations). 


Chapter  2  FMdTact 


9 


3  Structural  Analysis  and 
Data  Comparison 


General  modeling  procedures  for  miter  gates  have  been  developed  in  pre¬ 
vious  phases  of  this  project  (Commander  et  al.  1992a,  1992b).  A  grid  model 
incoiporating  plate-membrane  elements  (to  represent  skin  plates)  and  eccentric 
frame  elements  (to  represent  girders,  diaphragms,  and  diagonal  members)  has 
been  recommended  for  modeling  of  vertically  and  horizontally  framed  miter 
gates  (Commander  et  al.  1992b).  This  model  was  implemented  in  the 
Emsworth  Lock  and  Dam  study  (Commander  et  al.  1992c)  and  is  used  in  this 
study  to  model  the  Red  River  Lock  No.  1  miter  gate  leaf.  The  advantage  of 
this  grid  model  is  that  a  relatively  detailed  geometric  representation  of  the  gate 
can  be  defined  with  a  minimum  number  of  nodes  and  degrees  of  freedom 
(dof).  This  simplifies  the  effort  required  for  model  generation  and  minimizes 
the  computer  run  time.  Structural  analysis  is  performed  using  the  simple  finite 
element  program  Structural  Analysis  and  Correlation  (SAC)  which  has  been 
customized  for  miter  gate  modeling  and  analysis. 

The  plate-membrane  elements  in  SAC  include  five  degrees  of  freedom  per 
node;  resistance  to  membrane  forces  along  two  in-plane  axes,  an  out-of-plane 
force  normal  to  the  plate,  and  two  bending  moments  about  the  two  in-plane 
axes  are  accounted  for.  Eccentric  frame  elements  are  space  frame  elements  for 
which  die  flexural  neutral  axis  (NA)  (centroidal  axis)  is  eccentric  to  the  end 
nodal  points  (Commander  et  al.  1992b).  Use  of  these  elements  greatly  simpli¬ 
fies  the  model  generation  procedure  for  two-dimensional  analysis  of  miter 
gates.  For  example,  common  nodes  can  be  utilized  by  skin  plate  elements  and 
girder  elements  where  the  girder  NA  is  eccentric  to  the  skin  plate. 


Model  Description 

The  gate  leaf  is  modeled  as  a  grid  of  eccentric  frame  elements  and  rectan¬ 
gular  plate-membrane  elements  in  a  three-dimensional  Cartesian  coordinate 
system.  The  y-axis  is  aligned  vertically  along  the  miter  contact  surface,  and 
the  x-axis  is  parallel  to  the  plane  of  the  leaf  and  is  located  at  the  elevation  of 
the  bottom  girder  web.  The  z-axis  is  perpendicular  to  the  plane  of  the  leaf. 
The  reference  plane,  at  which  Z  equals  zero,  is  defined  as  a  vertical  plane 
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containing  the  top  girder  work  line.  The  work  line  for  miter  gates  is  an  imagi¬ 
nary  line  that  connects  the  quoin  and  miter  contact  points  of  the  girders 
(U.S.  Army  Corps  of  Engineers  1984). 

The  grid  model  is  defined  in  three  general  segments  as  shown  by  Figure  5. 
The  center  segment  represents  the  portion  of  the  leaf  between  end  diaphragms, 
and  the  outer  segments  represent  the  portions  between  the  end  diaphragms  and 
the  miter  and  quoin  contacts.  Nodal  points  locating  the  miter  and  quoin  con¬ 
tact  points  of  each  girder,  the  pintle  support,  and  the  boundaries  of  the  skin 
plate  are  defined  according  to  the  actual  geometry  of  the  leaf.  The  nodes  of 
the  model  for  the  center  segment  have  z-coordinales  equal  to  the  actual  dis¬ 
tance  between  the  work  line  (Z  =  0)  and  the  skin  plate,  and  x-  and  y-coordi- 
nates  correspond  to  the  intersection  of  the  vertical  members  (intercostals  and 
diaphragms)  and  the  horizontal  girders. 

The  skin  plate  is  represented  by  plate-membrane  elements  having  the  prop¬ 
erties  of  Young’s  modulus,  thickness,  and  Poisson’s  ratio.  The  girders,  dia¬ 
phragms,  diagonals,  and  intercostals  are  all  represented  by  eccentric  frame 
elements.  These  elements  are  assigned  an  eccentricity  in  the  z-direction  equal 
to  the  distance  between  the  center  of  the  skin  plate  thickness  (location  of  the 


Figure  5.  Computer-generated  display  of  gate  leaf 
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nodes)  and  the  principal  NA  of  the  represented  member.  The  section  proper¬ 
ties  of  each  element  correspond  to  the  actual  properties  of  the  represented 
members  and  are  calculated  with  respect  to  the  flexural  NA.  The  eccentricity 
of  the  frame  elements  are  not  displayed  in  Figure  5,  but  the  general  layout  of 
the  nodal  coordinates  and  element  connectivity  is  shown. 

Boundary  conditions  (BC)  for  the  leaf  are  defined  by  trass  elements  at  the 
miter  end  of  the  leaf  and  restrained  nodal  dof  at  the  quoin  end.  Nodal  dof  for 
the  displacement  in  die  x-,  y-,  and  z-directions  are  restrained  for  the  node 
representing  the  pintle  support  Nodal  dof  for  displacement  in  the  x-  and 
z-directions  are  restrained  for  the  nodes  representing  the  quoin  contact  points. 
Nodes  representing  the  miter  contact  points  are  connected  to  horizontal  truss 
elements  (lines  extending  from  the  left  side  of  the  model  in  Figure  S)  inclined 
at  the  appropriate  angle  of  the  opposing- leaf. 


Data  Comparison 

To  verify  or  check  the  analytical  model,  comparison  of  analytical  and 
experimental  data  is  required.  In  this  study,  comparisons  are  performed  only 
for  the  head  differential  tests  since  the  hydrostatic  loads  are  well  defined  and 
easily  modeled;  for  the  gate  operation  tests,  an  accurate  load  model  of  the  leaf 
moving  through  the  water  is  not  well  defined.  For  the  head  differential  tests, 
measured  data  consist  of  strain  at  each  transducer  location  as  a  function  of 
head  differential.  Therefore,  comparisons  of  measured  and  calculated  strain  as 
a  function  of  head  differential  are  used  to  evaluate  the  analytical  model.  In 
SAC,  strain  can  be  calculated  directly  at  any  specified  location. 

Although  strain  is  the  only  physical  comparison  quantity,  several  means  of 
comparing  measured  and  computed  strain  are  utilized.  Data  are  compared 
using  a  graphical  approach  and  various  numerical  comparison  quantities. 
Graphical  comparisons  provide  an  excellent  intuitive  perspective.  Analytical 
and  experimental  data  can  be  plotted  as  a  function  of  head  differential  on  the 
same  graph,  and  the  overall  accuracy  of  analytical  data  can  be  evaluated. 
Results  from  locations  at  common  cross  sections  can  be  presented  on  the  same 
graph  to  evaluate  axial  and  bending  effects  conceptually. 

Numerical  comparison  quantities  include  absolute  error,  percent  error,  and 
correlation  factor.  The  absolute  error  4*.  provides  a  means  of  comparing  the 
accuracy  of  one  model  with  another  or  evaluating  the  improvement  of  a  model 
during  parameter  optimization  (Commander  et  al.  1992a).  The  is  the 
summation  of  die  absolute  values  of  the  strain  differences  (difference  in  mea¬ 
sured  and  calculated  strain  for  a  given  location)  for  each  location  and  load  case 
considered.  The  percentage  error  is  calculated  by  dividing  the  summation 
of  die  strain  differences  squared  by  die  summation  of  the  measured  strains 
squared.  The  terms  are  squared  so  that  the  error  terms  are  always  positive  and 
so  that  die  locations  producing  the  largest  strain  magnitudes  have  the  greatest 
effect  mi  the  error  calculation.  The  correlation  factor  CF  is  a  measure  of  how 
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strongly  two  variables  are  linearly  related  or  how  closely  the  shapes  of  the 
measured  and  analytical  response  curves  match.  The  error  functions  can  be 
computed  for  individual  gauge  locations  as  well.  This  allows  determinations 
to  be  made  as  to  which  locations  on  the  structure  produce  good  agreements 
between  the  computed  and  measured  results  and  which  locations  do  not  The 
error  quantities  are  calculated  by  the  following  equations. 


n 

E abs  ~  Jy  I*/;  ~  ec,l 
1*1 


(1) 


■'per 


X  100 


(2) 


CF 


"  1*1 


Je/  °ec 


(3) 


where: 

£f.  -  Field  strain  measurement  of  a  single  transducer  for  a  given 
head  differential  load. 

zc.  =  Computed  strain  corresponding  to 

ft  -  Number  of  transducers  times  die  number  of  applied  load 
cases  (total  number  of  different  strain  readings). 

tf  -  Mean  value  of  measured  strains. 

£c  %  Mean  value  of  computed  strains. 

o^-  =  Sample  standard  deviation  of  measured  strains. 

ott  =  Sample  standard  deviation  of  computed  strains. 


Analysis  Results 

Analytical  simulation  of  the  field  test  was  challenging  in  several  respects. 
Because  of  the  low  level  of  applied  head  differential,  only  a  small  part  the 
structure’s  capacity  was  tested.  Many  of  the  recorded  strains  were  of  very  low 
magnitude,  in  some  cases  close  to  the  resolution  of  the  data  acquisition  system 
(due  to  the  low  level  of  loading  and  location  of  transducers  as  explained  in 
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Chapter  2).  It  is  difficult  to  compare  analytical  and  experimental  data  for  a 
very  low  magnitude  of  strain  because  a  very  small  (and  acceptable)  error  in 
experimental  measurement  has  a  large  effect  on  the  measured  values.  Addi¬ 
tionally,  the  strain  data  at  some  locations  showed  an  unexpected  bilinear 
response  as  a  function  of  head  differential. 

However,  analyses  were  performed  and  results  were  compared  with  the 
measured  test  data  in  order  to  evaluate  the  analytical  model  and  to  study  the 
unexpected  behavior.  To  evaluate  the  analytical  model,  the  measured  strain 
(using  results  of  the  second  head  differential  test)  and  computed  strain  were 
compared  graphically  as  a  function  of  head  differential,  and  by  the  error  quan¬ 
tities  described  in  the  previous  section.  The  following  sections  describe  com¬ 
parisons  utilizing  the  original  analytical  model  (described  in  the  Model 
Description  section)  and  a  modified  analytical  model.  The  comparisons  for  the 
original  model  were  very  poor,  and  a  modified  analytical  model  was  developed 
in  an  attempt  to  study  the  unexpected  behavior.  For  each  model,  analyses 
were  conducted  for  six  levels  of  head  differential  in  2-ft  increments  (in  order 
to  obtain  data  as  a  function  of  changing  head  differential). 


Original  model 

Figures  6-8  show  analytical  (for  the  original  model)  and  measured  strain  as 
a  function  of  head  differential  at  locations  on  the  downstream  flanges  of  gird¬ 
ers  G3  (transducer  Nos.  16  and  6),  <34  (transducer  Nos.  14  and  10),  and  G5 
(transducer  Nos.  28  and  12),  respectively.  In  each  of  these  figures,  data  are 
presented  for  transducers  located  symmetrically  at  equal  distances  from  the 
centerline  of  die  leaf  near  the  miter  and  quoin  ends.  (See  Figure  3  for  trans¬ 
ducer  locations.)  The  overall  comparisons  between  the  measured  and  com¬ 
puted  strain  are  very  poor.  The  graphical  comparisons  (Figures  6-8)  show 
significant  differences  in  measured  and  computed  strain  for  corresponding 
locations.  Table  1  shows  the  error  quantities  E^g,  =  38.9  percent,  and 
CF  =  0.79.  In  comparison,  previous  studies  (Commander  et  al.  1992b,  1992c) 
resulted  in  £per  of  less  than  10  percent,  and  CF  values  greater  than  0.93. 

Since  the  applied  loads,  structural  geometry,  and  BC  are  essentially  sym¬ 
metric  about  die  centerline  of  the  leaf,  strain  at  symmetric  locations  on  the 
girders  should  be  approximately  equal  The  analytical  data  for  symmetric 
locations  near  the  miter  and  quoin  ends  for  girders  G3,  G4,  and  G5  arc  nearly 
equal  as  shown  by  Figures  6-8.  However,  the  measured  data  for  the  symmet¬ 
ric  locations  are  significantly  different  Furthermore,  the  analytical  data  for 
each  location  show  a  near-linear  response,  while  the  measured  strain  responses 
obtained  from  the  miter  ends  of  girders  are  highly  nonlinear.  The  measured 
strain  as  a  function  of  head  differential  for  locations  near  the  miter  end  of 
girders  <34  (transducer  No.  14)  and  G5  (transducer  No.  28)  is  essentially 
bilinear  with  near-zero  values  for  bead  differential  levels  up  to  approximately 
7  ft 
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6.  Calculated  (original  model)  and  measured  strain  comparisons  tor  G3 
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Figure  8.  Calculated  (original  model)  and  measured  strain  comparisons  tor  G5 
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Table  1 

Error  quantity  calculations  for  original  and  modified  models 

Modal 

e.b.0*)1 

CF 

Original 

2009 

38.9% 

0.79 

Modified  BC 

162S 

21.7% 

0.89 

1  £abs  wa*  computed  for  32  transducers  and  6  load  cases, 
would  be  equal  to  Eabl/(32x6). 

Average  error  per  location 

Due  to  significant  differences  in  measured  and  calculated  data,  and  since 
the  loading  and  structural  geometry  are  well  defined,  it  is  likely  that  the  BC  of 
the  original  model  do  not  represent  those  of  the  actual  structure.  The  com¬ 
puted  strain  histories  presented  in  Ftgures  6-8  were  based  on  the  assumption 
that  the  miter  ends  of  all  girders  were  in  full  contact  with  their  respective 
counterparts.  However,  for  head  differential  less  than  approximately  7  ft,  the 
near-zero  measured  strain  at  the  locations  near  the  miter  end  indicates  that  the 
girders  were  not  completely  mitered  at  the  initial  stage  of  the  test  (with  no 
support  from  the  opposing  gate  leaf,  very  little  load  would  be  transferred  to  the 
miter  etuis  of  the  girders).  Asymmetrical  BC  resulting  from  the  lack  of  con¬ 
tact  at  the  miter  end  provide  an  explanation  for  the  near-zero  level  of  strain 
near  the  miter  end  for  head  differential  less  than  7  ft,  and  the  differences  in 
strain  records  at  symmetric  locations.  Based  on  these  results,  the  original 
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model  was  modified  by  changing  the  BC  at  the  miter  ends  of  girders  G1 
through  G6, 


Modified  model 

In  an  attempt  to  test  the  hypothesis  that  certain  girders  were  not  initially 
mitered,  and  to  more  closely  predict  the  measured  results,  the  original  model 
was  revised  several  times.  Various  combinations  of  the  inclined  support  ele¬ 
ments  (that  represent  the  support  of  the  adjacent  leaf)  were  eliminated  from  the 
miter  contact  points  of  girders  G1  through  G6.  When  this  was  done,  the  corre¬ 
lations  between  analytical  and  measured  data  improved  significantly.  Results 
are  presented  here  for  the  modified  model  with  inclined  support  elements  of 
girders  G1  through  G5  eliminated. 

Table  1  shows  that  each  of  the  numerical  comparison  quantities  improved. 
£abs  reduced  to  0.8  times  that  of  the  original  model,  is  approximately  half 
that  of  the  original  model,  and  CF  improved  from  0.79to  0.89.  Figures  9-11 
show  the  computed  (modified  model)  and  measured  strain  histories  at  locations 
on  the  downstream  flanges  of  girders  G3  (transducer  Nos.  16  and  6),  G4 
(transducer  Nos.  14  and  10),  and  GS  (transducer  Nos.  28  and  12),  respectively. 
The  analytical  data  for  symmetric  locations  near  the  miter  and  quoin  ends  for 
girders  G3,  G4,  and  G5  vary  significantly  indicating  the  effect  of  the  altered 
BC.  Although  the  bilinear  behavior  at  the  miter  ends  of  the  girders  is  not 
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Figure  9.  Calculated  (modified  model)  and  measured  strain  comparisons  for  G3 
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10.  Calculated  (modified  model)  and  measured  strain  comparisons  for  G4 
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Figure  11.  Calculated  (modified  model)  and  measured  strain  comparisons  for  GS 
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captured,  the  computed  results  for  initial  levels  of  head  differential  in  this  case 
show  a  much  better  comparison  with  the  measured  results,  especially  for 
girders  G3  and  G4. 


Discussion  of  results 

At  the  miter  ends  of  the  girders,  the  bilinear  behavior  indicated  by  the 
measured  strain  histories  (see  data  for  transducer  No.  14,  Figure  10,  and 
No.  28,  Figure  11)  was  caused  by  the  change  in  BC  of  several  gilder  ends  as 
the  head  differential  increased.  The  miter  ends  that  were  initially  free  to  dis¬ 
place  became  supported  by  the  opposing  gate  leaf  when  there  was  sufficient 
pressure  to  push  the  girder  ends  together.  The  measured  strain  for  transducer 
No.  14  and  No.  28  is  near  zero  for  head  differential  below  approximately  7  ft 
(free  miter  end)  and  increases  for  head  differential  greater  than  7  ft  (supported 
miter  end).  Accurate  representation  of  the  changing  BC  would  require  a  rela¬ 
tively  complicated  nonlinear  analysis  program,  and  would  involve  a  substantial 
amount  of  computer  run  time.  Simulating  this  condition  would  also  require 
knowledge  of  when  each  girder  becomes  supported. 

For  this  case,  further  analysis  would  be  trivial  since  tide  behavior  that  was 
measured  is  not  reason  for  concern.  As  stated  earlier,  the  maximum  level  of 
head  differential  loading  for  this  test  was  much  less  than  die  design  load.  The 
increase  in  strain  for  die  locations  near  the  miter  end  occurred  at  very  low 
levels  of  loading,  which  indicates  that  die  initial  displacement  from  full  miter 
contact  was  small,  most  likely  within  fabrication  tolerances.  At  the  low  levels 
of  loading  considered,  this  type  of  behavior  is  likely  to  occur  for  any  miter 
gate  simply  due  to  fabrication  tolerances,  and  is  not  considered  to  be  a 
concern. 

The  correlations  between  analytical  and  measured  data  were  significantly 
better  for  die  modified  model  compared  with  the  original  model.  This  indi¬ 
cates  that  there  was  some  inconsistency  in  the  originally  assumed  BC  and  that 
this  inconsistency  was  in  the  miter  end  BC  It  was  not  attempted  to  model  the 
change  in  BC  with  increasing  head  differential,  and  therefore,  die  measured 
behavior  was  not  simulated  with  great  accuracy,  even  with  the  modified  model. 
One  way  to  verify  the  model  would  be  to  compare  the  results  for  head  differ¬ 
ential  loading  above  that  which  resulted  in  full  contact  of  the  miter  girders  (at 
this  point  the  miter  end  BC  are  known).  This  would  be  possible  if  the  particu¬ 
lar  level  at  which  the  contact  occurs  were  known,  and  if  there  would  have 
been  enough  data  remaining  with  which  to  make  a  reasonable  comparison. 

The  strain  measured  for  transducer  No.  14  (G4)  and  No.  28  (GS)  varies  with 
increasing  head  differential  at  a  rate  similar  to  that  predicted  by  the  original 
model  at  head  differential  levels  above  approximately  7  ft  (indicating  contact 
for  G4  and  G5  occurs  at  approximately  7  ft).  However,  there  is  not  a  distinct 
indication  shown  by  strain  data  for  transducer  No.  16  (G3). 

A  similar  bilinear  response  due  to  head  differential  loading  was  measured  at 
several  locations  on  a  vertically  framed  miter  gate  at  die  Emsworth  Lock  and 
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Dam  (Commander  et  al.  1992c).  This  was  shown  to  be  a  result  of  changing 
BC  as  the  head  differential  increased.  The  Emsworth  miter  gate  was  warped 
such  that  the  lower  girder  was  not  in  contact  with  the  sill  under  zero  head 
differential.  As  head  differential  was  applied,  the  leaf  deflected  such  that  the 
lower  girder  was  pushed  back  against  the  bottom  sill.  Therefore,  the  BC  at  the 
lower  girder  changed  from  no  support  (free)  to  hill  support  of  the  sill  (fixed) 
with  increasing  head  differential.  For  the  Emsworth  study,  the  miter  gate  was 
loaded  to  near  its  design  load  and  a  much  larger  range  of  strain  data  was  avail¬ 
able  for  comparison  purposes.  The  nonlinear  behavior  occurred  at  very  low 
levels  of  loading,  and  linear  results  were  available  for  a  large  range  of  head 
differential.  Therefore,  in  the  Emsworth  case,  the  model  could  be  verified  by 
comparing  results  at  head  differential  levels  after  which  the  lower  girder  was 
in  fiill  contact  with  the  sill. 
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4  Conclusions 


In  future  testing  of  miter  gates,  tests  should  be  conducted  when  the  pool 
levels  are  such  that  a  significant  head  differential  load  can  be  applied.  In  this 
study,  the  low  pool  was  higher  than  the  level  considered  for  design,  and  only 
the  upper  portion  of  the  leaf  could  be  instrumented.  The  maximum  head  dif¬ 
ferential  at  the  time  of  testing  was  only  13.4  ft  compared  with  the  design  con¬ 
dition  of  36  ft  Therefore,  very  low  magnitudes  of  strain  were  induced,  and  as 
described  in  Chapter  3,  it  wai  difficult  to  model  the  structural  behavior  under 
these  conditions.  Additionally,  transducers  should  be  placed  along  the  length 
of  girders  at  regions  away  from  the  zero  moment  region  (see  Chapter  2,  pg  8). 

The  analysis,  as  performed  for  this  study,  was  not  capable  of  representing 
die  nonlinear  responses  that  were  measured  during  the  head  differential  tests 
due  to  unknown  BC  (as  described  in  Chapter  3).  However,  the  modeling 
procedures  ppoved  to  be  beneficial  It  was  shown  that  having  the  capability  to 
load  a  structure  to  a  significant  level  is  an  important  aspect  in  a  structural 
evaluation.  Additionally,  although  the  behavior  of  the  tested  leaf  could  not  be 
modeled  with  desired  accuracy,  the  modeling  procedure  was  used  to  under¬ 
stand  what  was  occurring  in  the  field  (i.e.,  some  of  the  girder  raids  were  not 
initially  in  full  contact  with  the  opposing  leaf). 

The  overall  goal  of  this  project  was  to  develop  a  system  that  incorporates 
field  testing  and  analytic  computer  methods  to  evaluate  structural  performance. 
As  for  the  evaluation  of  the  Emsworth  lock  and  dam  (Commander  et  al 
1992c),  a  structural  irregularity  was  detected  in  the  Red  River  miter  gate  by 
reviewing  the  results  of  the  field  test  In  this  case,  the  structural  irregularity 
was  a  BC  at  the  miter  end  that  was  not  consistent  with  design  assumptions. 
Through  examination  of  the  measured  data  and  comparison  with  computed 
data,  the  inconsistent  BC  was  identified,  and  its  effect  on  structural  behavior 
was  determined.  Although  the  inconsistent  BC  does  not  jeopardize  the  perfor¬ 
mance  of  this  structure,  this  case  shows  the  value  of  the  developed  procedures 
in  a  structural  evaluation. 
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Appendix  A 

Head  Differential  Test  Data 


The  appendix  includes  figures  that  show  graphs  displaying  the  measured 
strain  data  as  a  function  of  head  differential.  In  each  figure,  the  data  presented 
are  labeled  in  the  plot  legends  by  the  term  FIELD  No.,  where  No.  identifies 
the  transducer  (see  Figure  3)  from  which  the  data  were  recorded. 
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Figure  A1.  Head  differential  test  strain:  G1  midspan 
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A2.  Head  differential  test  strain.  G2  midspan 


Figure  A3.  Head  differential  test  strain:  G3  quoin  end 
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A4.  Head  differential  test  strain:  G3  midspan 


Figure  A5.  Head  differential  test  strain:  G3  miter  end 
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A6.  Head  differential  test  strain:  G4  quoin  end 
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A 10.  Head  differential  test  strain:  GS  midspan 
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STRMN  (micre-stroin)  5  SIWIN  (micro-strain) 
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Diaphragm  3  between  G4  and  G5 
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A12.  Head  differential  test  strain:  diaphragm  3 
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Figure  A13.  Head  differential  test  strain:  diaphragm  2 
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STRAIN  HISTORIES  AT  CHANNELS  25  26 
Diaphragm  1  between  G4  and  G5 
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Figure  A14.  Head  differential  test  strain:  diaphragm  1 


Figure  A15.  Head  differential  Ust  strain:  diagonal  2 
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Appendix  B 

Gate  Operation  Opening  Test 
Data 


Field  Data 


This  appendix  provides  data  obtained  for  the  gate  operation  opening  test 
Figures  B1-B16  graphically  display  the  measured  strain  data  as  a  function  of 
the  leaf  angle  with  respect  to  the  lock  wall  (beginning  at  72  deg  and  opening 
to  0  deg).  In  Figures  B1-B16,  the  data  presented  are  labeled  by  the  number  of 
the  corresponding  transducer  from  which  die  data  were  recorded  (See  Figure  3 
for  location  and  numbering  of  transducers). 


Pintle  Torque  Comparison  with  Model  Studies 

Extensive  model  studies  determining  operating  forces  on  miter  lock  gates 
have  been  conducted  at  the  U.S.  Army  Engineer  Waterways  Experiment  Sta¬ 
tion  (WES)  (U.S.  Army  Engineer  Waterways  Experiment  Station  1964).1 
EM  1 1 10-2-2703  provides  the  WES  model  results  for  pintle  torque  T  (torque 
applied  about  die  pintle  by  die  operating  strut)  and  outlines  the  approach  to 
estimate  T  for  any  given  lode  gate  (on  the  basis  of  the  scalar  ratio  between  the 
model  and  the  given  lock  gate).  Values  for  T  for  the  Red  River  leaf  are  calcu¬ 
lated  and  are  compared  with  estimated  results  based  on  the  WES  model  studies 
as  described  in  die  following  paragraphs. 

The  Red  River  Lode  and  Dam  No.  1  miter  gates  are  equipped  with  Modi¬ 
fied  Ohio  River  linkage.  The  geometry  of  this  type  of  linkage  at  an  arbitrary 
leaf  angle  is  shown  in  Figure  B17.  The  pintle  torque  is  the  moment  applied 
by  the  operating  strut  about  the  pintle: 


i 


dud  «e  Baud  at  the  end  of  th«  man  text 


T  =  Fa 


(Bl) 


where 

F  =  axial  force  in  the  operating  strut 

a  =  perpendicular  distance  from  the  strut  to  the  pintle  as  defined  by 
Figure  B17. 

The  axial  force  in  the  operating  strut  F  is  determined  directly  from  the 
strain  measurements  of  transducer  No.  3  (e,)  and  No.  4  (e*).  F  is  calculated  as 
the  product  of  the  average  of  £3  and  e*.  Young’s  modulus  E,  and  the  cross- 
sectional  area  (assuming  that  uniform  strain  occurs  at  the  monitored  cross 
section).  The  cross-sectional  area  of  the  operating  strut  at  the  location  of 
transducer  Nos.  3  and  4  is  78  in2.  With  E  -  29,500  ksi,  F  is  determined  by 
the  following  equation: 

F  «  ££(63  •*■£,)  *  1.15  x  ltfCe,  •*■£,)  (B2) 

<6 


Figure  B18  shows  the  operating  strut  force  calculated  as  a  function  of  leaf 
angle  for  the  leaf  opening  test  (beginning  position  is  at  72  deg). 

Figure  B19  shows  the  comparison  of  the  measured  T  and  that  determined 
based  on  the  WES  model  studies.  The  measured  T  was  calculated  as  a  func¬ 
tion  of  leaf  angle  by  Equation  Bl,  and  T  based  on  WES  data  was  determined 
by  the  procedure  outlined  in  paragraph  2-4.d  of  EM  1 1 10-2-2703.  Figure  B19 
shows  that  the  measured  and  WES  model  results  are  not  even  comparable. 

The  measured  torque  is  significantly  larger  than  that  determined  by  the  WES 
model  results.  One  explanation  for  the  large  measured  T  is  that  the  leaf  was 
opened  as  it  was  restrained  at  the  bottom  by  accumulated  silt  or  some  other 
obstruction.  The  accumulation  of  silt  has  been  a  concern  in  the  past  at  locks 
on  the  Red  River. 


Apftandx  B  Om  Operation  Opening  Test  Dele 


Strain  History:  Transducer  No.  1  and  2 
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Figure  B1 .  Gate  operation  opening  test  strain:  G1  midspan 


Strain  History:  Transducer  No.  3  and  4 


Figure  B2.  Gate  operation  opening  test  strain:  operating  strut 


Strain  History:  Transducer  No.  5  and  6 


Figure  B3.  Gate  operation  opening  test  strain:  G3  quoin  end 


Strain  History:  Transducer  No.  7  and  8 
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Figure  B4.  Gate  operation  opening  test  strain: 


Strain  History  Transducer  No.  IS  and  16 


Gate  operation  opening  test  strain:  G3  miter  end 


Strain  History  Transducer  No,  13  and  14 
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AppandbcB  Gate  Opwation  Opening  Tact  Data 


Gate  operation  opening  test  strain:  G4  miter  end 


Strain  History  Transducer  No.  1 1  and  1 2 


Figure  B9.  Gate  operation  opening  test  strain:  G5  quoin  end 


Strain  History  Transducer  No.  23  and  24 


812 


AppendbcB  Gate  Operation  Opening  Ta»t  Data 


operation  opening  test  strain:  G5  midspan 


Strain  History  Transducer  No.  27  and  28 


Figure  B11.  Gate  operation  opening  test  strain:  G5  miter  end 


Strain  History  Transducer  No.  19  and  20 
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Figure  812.  Gate  operation  opening  test  strain:  diaphragm  3 


Strain  History  Transducer  No.  21  and  22 
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Figure  B13.  Gate  operation  opening  test  strain:  diaphragm  2 


Strain  History  Transducer  No.  25  and  26 
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Figure  B14.  Gate  operation  opening  test  strain:  diaphragm  1 
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Strain  History  Transducer  No.  31  and  32 
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AppwtdbiB  Qm  Operation  Opening T««t  Dais 


B16.  Gate  operation  opening  test  strain:  diagonal  1 
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Figure  Bt  7.  ModHied  Ohio  River  linkage  geometry 


Figure  B19.  Gate  operation  opening  test:  pintle  torque 
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Gate  Operation  Closing  Test 
Data 


Field  Data 

This  appendix  provides  data  obtained  for  the  gate  operation  closing  test 
Figures  C1-C16  graphically  display  the  measured  strain  data  as  function  of  the 
leaf  angle  with  respect  to  the  lock  wall.  In  Figures  C1-C16,  the  data  presented 
are  labeled  by  the  number  of  the  corresponding  transducer  from  which  die  data 
were  recorded  (See  Figure  3  for  location  and  numbering  of  transducers). 


Pintle  Torque  Comparison  with  Model  Studies 

Figure  C17  shows  die  operating  strut  force  as  a  function  of  leaf  angle  cal¬ 
culated  according  to  Equation  B2  (negative  force  indicates  compression  in  the 
operating  strut).  Figure  C18  shows  the  comparison  of  die  measured  T,  and 
that  determined  based  on  die  WES  model  studies.  (T  was  determined  as 
described  in  Appendix  B.)  As  opposed  to  the  comparison  for  the  opening  test 
(see  Figure  B19),  Figure  C18  shows  a  very  good  comparison  between  die 
measured  and  WES  model  torque.  Although  there  are  some  minor  differences 
in  magnitudes  of  T,  die  general  trend  in  T  through  the  range  of  leaf  motion  is 
very  similar.  A  possible  explanation  for  the  significantly  better  comparison  in 
T  for  closing  is  that,  during  opening,  the  presumed  obstruction  or  silt  buildup 
had  been  moved  away  from  the  bottom  of  die  leaf.  On  closing  (just  after 
opening)  the  bottom  of  the  leaf  was  clear  of  die  obstruction. 
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Strain  History  Transducer  No.  1  and  2 
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Appandx  C  Oats  Operation  Ctoting  Tast  Data 


Figured.  Gate  operation  closing  test  strain:  G1  midspan 


Strain  History  Transducer  No.  3  and  4 


Figure  C2.  Gate  operation  closing  test  strain:  operating  strut 


Strain  History  Transducer  No.  5  and  6 
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AppwxSxC  Gate  Operation  Closing  T#«t  Data 


Figure  C6.  Gate  operation  closing  test  strain:  G4  quoin  end 


Strain  History  Transducer  No.  17  and  18 
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AppwxixC  Oats  Operation  Closing  Test  Dm* 


Figure  C7.  Gate  operation  dosing  test  strain:  G4  midspan 
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Strain  History  Transducer  No.  11  and  12 


Figure  C9.  Gate  operation  closing  test  strain:  G5  quoin  end 


Strain  History  Transducer  No.  23  and  24 
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Figure  CIO.  Gate  operation  closing  test  strain:  G5  midspan 


Strain  History  Transducer  No.  27  and  28 


Figure  Cl  1 .  Gate  operation  closing  test  strain:  GS  miter  end 


Strain  History  Transducer  No.  19  and  20 
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Figure  C12.  Gate  operation  ctosing  test  strain:  diaphragm  3 
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AppondxC  Gate  Operation  Closing  Ta«t  Data 


Figure  C13.  Gate  operation  closing  test  strain:  diaphragm  2 


Strain  History  Transducer  No.  25  and  26 
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Appendix  C  Oats  Operation  Closing  Test  Data 


Leaf  angle  (deg) 


Figure  Cl 8.  Gate  operation  closing  test:  pintle  torque 
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